Background The majority of patients with osteosarcoma and Ewing's sarcoma are diagnosed before skeletal matu-
Introduction
Osteosarcoma and Ewing's sarcoma are the two most common malignant bone tumors in children and adolescents, accounting for 5% of all malignant tumors in these age groups, with a peak incidence between 10 and 14 years of age [2, 25] . Treatment follows standardized study protocols comprising neoadjuvant polychemotherapy and surgery with wide resection margins followed by adjuvant polychemotherapy. Patients with Ewing's sarcoma also may receive radiation therapy [2, 28] . After implementation of chemotherapy, the 5-year-survival rate increased from 15% to as much as 50% to 70% for patients with osteosarcoma and from 10% to as much as 50 % to 75 % for patients with Ewing's sarcoma [5] . Limb salvage often can be performed and reconstruction possibilities include expandable endoprostheses among other options [1, 22] . Early during the experience with expandable endoprostheses, multiple operations were necessary to limit limb length discrepancy when the patients reached skeletal maturity [18] . The first expandable prostheses were implanted in 1976 and each lengthening required a minor surgical intervention to achieve expansion [1, 22, 33] . Technologic developments now allow noninvasive lengthening of the endoprostheses [18, 20] .
To select the patients who will benefit from an expandable prosthesis, a reliable prediction of the expected limb length discrepancy is needed. A multiplier method for prediction of total body height was introduced by Paley et al. [24] for which no radiographs are necessary. It is based on 52 databases of healthy children containing growth data collected from 1951 until 2003. This is in contrast to previously presented methods like bone age determination according to Greulich and Pyle [15] , the Tanner-Whitehouse method [35] , the Roche-Wainer-Thissen method [31] , or Paley's multiplier method for the lower limb [23] . Comparison between the Greulich and Pyle and Paley's lower limb multiplier methods [32] was conducted although no explicit evaluation of the total height multiplier was reported. It has been suggested that Paley's multiplier for height prediction can be used in children being treated for bone sarcoma, although it has not been prospectively tested in children who are treated with polychemotherapy [4, 24] .
Aberrant growth resulting from chemotherapy was first observed in children who had received intensive chemotherapy and cranial irradiation for acute lymphatic leukemia [16, 17, 39] . These patients had a decline in growth velocity while receiving intensive chemotherapy. After cessation of antineoplastic treatment, children showed catchup growth [39] . A similar decrease in growth velocity was seen in patients with osteosarcoma and Ewing's sarcoma during and 1 year after chemotherapy [3, 14] . Additionally, it was clinically suspected that patients with osteosarcoma and Ewing' sarcoma never catch up with their peers until skeletal maturity [14] . This observation has not been validated in clinical studies [8, 14] . Murine studies have shown a direct inhibitive effect of some of the administered antineoplastic agents on the growth plate [29, 30, 36-38, 41, 42] .
The aims of our study were to determine whether (1) Paley's formula reliably predicts growth in children who received polychemotherapy for bone sarcoma, (2) chemotherapy impairs growth velocity, and (3) final adult height is impaired in patients with osteosarcoma and Ewing's sarcoma.
Patients and Methods
To identify growth deficits and validate Paley's multiplier method in patients with osteosarcoma and Ewing's sarcoma, a retrospective database review was conducted.
We identified 94 patients in the tumor databases of our two departments, younger than 14 years for girls and 16 years for boys, with the initial diagnosis of osteosarcoma or Ewing's sarcoma between 1990 and 2009. Followup data for height had to be available until the patient was 18 years old, which was chosen as the endpoint of the analysis in concordance with the (age) specifications of the multiplier method and the WHO growth reference data [10, 11] . Fortyfour patients had to be excluded because of incomplete clinical data (height at initial diagnosis, height at maturity) or contradicting height documentation. Further exclusion criteria were the intake of growth hormones (one patient), lack of chemotherapy (three patients), epiphyseodesis (no patients), cranial irradiation (no patients), and followup at external institutions (13 patients) . The presence of metastases at the time of initial diagnosis was not an exclusion criterion as it is postulated that a majority of patients with bone sarcoma have nondetectable metastatic disease (micrometastasis) [28, 34] . All sarcoma locations were included in the study. Thirty-three patients, 16 with osteosarcoma and 17 with Ewing's sarcoma (male-to-femaleratio, 4.5:1), remained as the subjects of this study ( Table 1) . Followup ranged between 31 and 124 months (mean, 66 months). Mean age at diagnosis was 12.8 years for patients with osteosarcoma (range, 9-16 years) and 12.1 years (range, 8-15 years) for patients with Ewing's sarcoma. As of August 2012, 27 patients were disease-free at followup, five patients had died of disease, and one patient was alive with disease.
The expected adult height for these patients was calculated with Paley's multiplier method and compared with their actual adult height. For analysis of growth impairment, Z-scores (age-and gender-related SD scores for height) according to WHO child growth standards were calculated at the beginning and end of chemotherapy and when the patient was 18 years old [10, 11] . For this calculation 10 patients who received chemotherapy for relapse were excluded because end points were not comparable to those who had standard chemotherapy.
All children with osteosarcoma were treated according to the Cooperative Osteosarcoma Study group (COSS) protocols active at the time of diagnosis (Appendix 1) [6, 7, 40] . Patients with Ewing's sarcoma were treated with the EUROpean Ewing tumour Working Initiative of National Groups (EURO-EWING) 99 or European Intergroup Cooperative Ewing's Sarcoma Study (EICESS) 92 protocols [18, 20, 25] . The median duration of chemotherapy was 8 months (range, 4-10 months) in the osteosarcoma group and 10 months (range, 5-12 months) in the Ewing's sarcoma group (Appendix 2) [19, 21, 26] . Initial body heights were retrieved from patients' records. Followup regarding height was available through regular measurements at the pediatric outpatient clinics. Assessment of height was done before midday to minimize the influence of the physiologic circadian variability. This assessment was done by trained nurses using an electronic device. Height values were recorded with one digit after the decimal point in the patients' records, the medical reports, local databases, and protocols of chemotherapy. If adult height was not documented, patients were contacted by phone to obtain their adult height (necessary for four [12%] patients).
Statistical analysis was conducted with SPSS 1 20 (IBM 1 , Armonk, NY, USA). The values of continuous variables are presented as mean and SD. Categorical variables are described as absolute and relative frequencies.
Predicted height was calculated with appropriate multipliers and the height difference, adult height minus predicted height, was calculated. To determine growth impairment age-and gender specific standard deviation scores were calculated as follows: Z-scores (Z start = Z-score at the beginning of chemotherapy, Z end = Z-score at the end of chemotherapy, Z 18 = Z-score at the age of 18 years) were obtained according to WHO growth standards [10, 11] .
If the assumption of normal distributed data was met, continuous variables were analyzed using a dependent t-test. Otherwise, nonparametric methods (Wilcoxon signed ranks test) were used. A p value less than 0.05 was considered significant. Approval by the institutional review board was obtained (EK number .
Results
A discrepancy between actual and predicted height was observed after applying Paley's formula in our dataset. The estimated adult height was overestimated in the majority (76 %) of patients in absolute terms. With a SD of 1, two of three children had a false height prediction (five too low, 18 too high). Within 2 SD the percentage of false predictions decreased to approximately 60% of the children (five too low, 15 too high). Within 3 SD, one of four patients had a false prediction (two too low, seven too high) ( Table 2 ). The median absolute error of prediction was 5.0 cm. Median height difference was À5.0 cm (range, À17 to À0.6 cm) in children whose height was overestimated and 5.4 cm (range, 0.5-8 cm) in those whose height was underestimated. On average the adult height of the study population was overestimated: the mean predicted height was 2.3 cm greater than the adult height (p = 0.013) (Fig. 1) .
The mean height at diagnosis of all patients was greater than in the reference population (Z start osteosarcoma = + 0.55 [ Table 3 ], Z start Ewing's sarcoma = + 0.64 [ Table 4 ]). A growth deficit at the end of chemotherapy was seen in all patients (Z end osteosarcoma = 0.24, decrease p = 0.004, Z end Ewing's sarcoma = 0.24, decrease p = 0.008) relative to WHO growth charts.
A catchup in growth until adulthood was seen for patients with osteosarcoma only: Z start was not significantly different from Z 18 (Z start = 0.55, Z 18 = 0.46, p = 0.546). For patients with Ewing's sarcoma, a permanent growth deficit was observed (Z start = 0.64, Z 18 = 0.34, p = 0.043) (Fig. 2 ).
Discussion
Paley's multiplier method for height prediction was designed for healthy children with limb length discrepancies and was not evaluated for patients with bone sarcoma who received polychemotherapy. A decrease in growth velocity while receiving intensive chemotherapy has been observed in patients with bone sarcoma. Interference of antineoplastic agents with growth has been observed in children with acute lymphatic leukemia [16, 17, 39] . In addition, a direct negative effect of antineoplastic agents on the growth plate was detected in murine studies [29, 30, 36-38, 41, 42] . Therefore, we analyzed (1) Paley's formula for height prediction of children with bone sarcoma, (2) the effect of polychemotherapy on growth, and (3) a possible catchup growth for patients with osteosarcoma and those with Ewing's sarcoma. We acknowledge some limitations of this study. First, from 94 patients initially, only 33 patients remained subjects of the study owing to specific inclusion criteria and the retrospective study design. The age restriction and need for complete followup until adulthood further contributed to the small patient sample. Second, the male-to-female ratio in our study population was 4.5:1 which differs from the normal sex distribution of patients with these malignancies (1.08:1.0) [25] . As we have a small study collective, this abnormal ratio might be accidental. Even though Paley's multiplier values and Z-scores are adjusted to gender one must be careful when generalizing our results to both genders [24] . Third, as a result of risk stratification in the study protocols and dose reduction resulting from adverse effects, no subgroup analysis concerning the effect of chemotherapy intensity on adult height could be performed in this small study collective. Fourth, two patients (6%), one female, 14 years old with a height at diagnosis of 175 cm, and one male, 15 years old with a height at diagnosis of 182 cm, did not show any growth, although additional growth was expected according to Paley's method. Whether growth plates were already closed in these two patients or this was an effect of chemotherapy cannot be distinguished in the retrospective study design. Fifth, the retrospective study design involves the possibility of documentation errors, because height measurements were recorded manually in the outpatient notes. In addition, adult height was obtained by contacting patients by phone (four patients [12%]), and these measurements may have been less accurate.
Regarding the accuracy achieved with the multiplier method, we see a median absolute error of prediction of ± 5 cm in total body height in our collective. This has to be taken into account when using Paley's multiplier method in this particular patient group.
The observed decrease in growth velocity at the end of chemotherapy in our study population is comparable to published data concerning patients with acute lymphatic leukemia [9, 16, 17, 39] and bone sarcoma [3, 8, 14] . At skeletal maturity the growth deficit was still detectable in our data set, albeit more pronounced in patients with Ewing's sarcoma than in patients with osteosarcoma. It is somewhat challenging to compare our data with the data of others, as the number of clinical studies with complete followup through adulthood is limited [8, 14] . Cool et al. [8] observed catchup growth until skeletal maturity in a collective of 16 pediatric patients with osteosarcoma. Glasser et al. [14] initially said, according to results of a pilot study, that after chemotherapy, children have lost 1 SD in adult height, corresponding to 5.6 cm in girls and 6.6 cm in boys. They could not confirm this, however, in the subsequent study population of 122 patients with osteosarcoma and Ewing's sarcoma [14] . In their group, 80% of patients showed a height difference less than 1 SD between initial diagnosis and skeletal maturity [14] . Based on these results, they concluded that growth velocity is affected while patients undergo chemotherapy; however, attained heights at maturity were within population norms [14] . Consistent with Glasser et al. [14] , the height deficit in our data set was less than 1 SD and the absolute height deficit in a moderate range (less than 3 cm).
Regarding the influence of polychemotherapy on final adult height, and because we observed greater growth retardation in patients with Ewing's sarcoma compared with those with osteosarcoma, we analyzed differences between the two entities such as age at initial diagnosis, duration of chemotherapy, and the administered antineoplastic agents. The age of patients at onset of Ewing's sarcoma is usually 1 to 3 years earlier than for osteosarcoma [25] . Therefore, the remaining growth period is expected to be longer for patients with Ewing's sarcoma. In our data set, the difference was only 7 months (average onset at 12.8 years in patients with osteosarcoma versus 12.1 years in patients with Ewing's sarcoma), so this factor does not adequately explain the growth deficit. Average treatment duration is longer for patients with Ewing's sarcoma (7.6 months for osteosarcoma versus 10.0 months for Ewing's sarcoma) leading to increased cumulative dosages of chemotherapy agents. The influence of several antineoplastic agents on the growing bone has been analyzed in murine studies [29, 30, 36-38, 41, 42] . All antineoplastic agents, except for methotrexate, used for osteosarcoma and Ewing's sarcoma seem to affect the growth plate, in particular the proliferative zone. Although some studies did not detect an effect of methotrexate on the growth plate, some authors agree that it affects bone quality and can cause osteoporosis [12, 13, 27] . It is not clear whether the observations found in the murine studies are transferable to humans [29] . Furthermore, there are no data in the literature, to our knowledge, regarding whether the higher growth retardation in patients with Ewing's sarcoma is the consequence of a single agent or an accumulation of agents.
Based on our results, Paley's multiplier method should not be the sole tool relied on when predicting adult height in pediatric patients being treated for bone sarcoma. Accurate information on adult height might be useful in making the choice of limb salvage reconstruction options such as the use of an expandable prosthesis or other reconstruction alternatives. Being able to predict adult height would allow the surgeon to choose an implant with enough expansion ability to be able to equalize limb length at skeletal maturity. Unfortunately the Paley multiplier method appears to be an inaccurate method of predicting adult height in patients with bone sarcoma because of its high percentage of imprecise predictions for patients with osteosarcoma and those with Ewing's sarcoma, with overestimation of adult height being the case in the majority of patients. Currently no validated new tool for this particular patient group has been developed. To evaluate other growth prediction methods, additional studies need to be performed. Regarding long-term growth development in patients with bone sarcoma, we observed lasting growth retardation in patients with osteosarcoma and those with Ewing's sarcoma. For explicit answers concerning primary causes for the height impairment, further studies are needed. à increased doses of adriamycin, cisplatin, and ifosfamide (SR 1) versus increased doses of methotrexate (SR 2); k less than 10% vital tumor cells in the resected tumor.
